Colicins are plasmid-encoded proteins which are synthesized by Escherichia coli and kill sensitive strains of E. coli and closely related species. Colicin B belongs to the group of channel-forming colicins (33), which include colicins A, E1, and I (11, 22, 31, 34, 35, 39). These transmembrane toxins depolarize the cytoplasmic membrane, leading to dissipation of cellular energy. Colicin B is usually encoded on large self-transmissible plasmids (15, 38), frequently in proximity to colicin M (30), It consists of a single polypeptide chain (6) with a molecular weight of about 60,000 (33) .
Colicins are plasmid-encoded proteins which are synthesized by Escherichia coli and kill sensitive strains of E. coli and closely related species. Colicin B belongs to the group of channel-forming colicins (33) , which include colicins A, E1, and I (11, 22, 31, 34, 35, 39) . These transmembrane toxins depolarize the cytoplasmic membrane, leading to dissipation of cellular energy. Colicin B is usually encoded on large self-transmissible plasmids (15, 38) , frequently in proximity to colicin M (30) , It consists of a single polypeptide chain (6) with a molecular weight of about 60,000 (33) .
Comparison of the channels formed by colicins A and B in lipid bilayers under identical conditions showed a similar conductance characteristic. However, the ion flux through the colicin B channels was larger than through the A channels. In addition, the colicin B cha,nnels were more stable and less dependent on added CaCl2 than the colicin A channels (33) . Crystals of the channel-forming domain of colicin'A have been obtained (40) so that X-ray analysis may soon yield a three-dimensional structure into which the amino acid sequence of this portion of colicin B can be fitted. Therefore, we determined the nucleotide sequence of the structural gene (cba) of colicin B.
MATERIALS AND METHODS
Bacterial strains and plasmids. The ColBM plasmid pF166 was from a natural E. coli isolate. It was transferred by conjugation into E. coli K-12 cy$ met trp (designated K166 by P.'Fr6dericq, Lidge, Belgium, and obtained fromn him). Subcloning of a DNA fragment carrying the colicin B and M determinants into pACYC184 was described previously (30) . The resulting plasmid, pES2, contained a 6-kilobase (kb) insert. It was further reduced in size by partial cleavage with fragments of the cba region were cloned into the M13mp18 and mpl9 phage (46) grown in E. coli JM101 A(lac pro) thi supE F'(traD36 proAB lacFqZAM15). The nucleotide sequence was determined by the enzymatic dideoxy method (37) with [35S] dATP (4) , the Klenow fragment of DNA polymerase I (Pharmacia, Uppsala, Sweden), a 15-mer primer (BioLabs, Beverly, Mass.), and deoxynucleotide and dideoxynucleotide 5'-triphosphates (Boehringer, Maniheim, Federal Republic of Germany [FRG] ). Primers were synthesized when no suitable restriction sites were available (see Fig. 1 ) by using the DNA synthesizer type 380B-00 of Applied Biosystems Inc., Foster City, Calif. The DNA fragments were separated with the Macrophor electrophoresis system 2010 of LKB, Grfelfing, FRG (1 (iii) Separation of peptides. Peptides were separated by HPLC on a reverse-phase column (250 by 4 mm) packed with the wide-pore support Vydac C4 from Separation Groups, Hesperia, Calif. Peptides were purified on linear gradients from 0.1% aqueous TFA to 40% 2-propanol containing 0.1% TFA over 2 h. Separation of peptides was performed with the following equipment: a Knauer Programmer 50, two HPLC pumps model 64, all purchased from Knauer, Berlin, FRG, and a variable-wavelength detector (UVIVIS/S-3702; SOMA, Tokyo, Japan)., Peptides were eluted at 35°C at a flow rate of 1 ml/min.
Sequencing. The N-terminal sequence of the intact protein was determined by liquid-phase Edman degradation performed in the Berlin sequenator (42) . Peptides were sequenced manually by the micro-DABITC/PITC doublecoupling method (44) .
Determination of the carboxy-terminal amino acid. Pure colicin B (2 mg) from a sample isolated previously (33) was incubated with carboxypeptidase B (12 jig; Boehringer, Mannheim, FRG) for 15 h at 37°C in a buffer consisting of 0.1 M NaCl and 0.05 M N-ethylmorpholinopropanesulfonic acid, pH 8.5 . The prQteins were precipitated by adding 1 ml of 10% trichloroacetic acid to 1 ml of the reaction mixture. They were removed by centrifugation in an Eppepdorf centrifuge. The supematant was extracted five times with 5 ml of ether, and the aqueous solution was evaporated to dryness. The released amino acids were determined with a Biotronic amino acid analyzer (model LC 6000 E). Controls were performed in parallel samples containing only colicin B or carboxypeptidase B. Lysine was the only amino acid which was present in the enzyme-substrate sample, and none were found in the control samples. The protein concentratiQn of colicin B was determined by amino acid analysis after hydrolysis in 6 N HCl at 115°C for 18 h.
RESULTS
Cloning and sequencing of the cba region. The 6-kb insert of plasmid pES2 (30) contained the activity and immunity genes Qf colicin B, cba and cbi, and the activity and immunity genes of colicin M, cma and cmi. Further reduction of the size of the plasmid by partial digestion with Sau3A yielded a plasmid, designated pES7, which still carried cba and cbi, lacked cma and cmi, and had a deletion in the pACYC184 vector which started at the BamHI site and comrprised both HincII sites. The entire plasmid was 5.6 kb in size and carried a 3-kb insert. Figure 1 shows the restriction map of the cba region and the sequencing strategy.
Sequence of the cba gene. The nucleotide sequence of the cba gene and the deduced amino acid sequence of colicin B is presented in Fig. 2 . The nucleotide sequence contained an open reading frame which encoded a polypeptide of 511 amino acids. Comparison of the deduced amino acid sequence with the known sequenc,e of the 44 amino acids at the amino-terminal end (33) revealed an identical sequence after removal of the amino-terminal formyl-methionine residue of the primary translation product. However, three aspartate residues at positions 13, 16, and 31 and the serine residue at position 37 were previously identified as glutamate residues by automatic sequence analysis in a spinning-cup sequencer (42) . Reexamination of the chromatograms obtained after HPLC of the phenylthiohydantoin amino acid derivatives indicated the possibility of a systematic error in the HPLC analysis (slight shifts in the retention times of some amino acids). Therefore, the amino terminus of colicin B was sequenced once more, and in addition, peptides wer,e isolated and sequenced.
Amino acid sequences. The sequence of the first 44 amino acids at the N terminus of colicin B, determined by automated Edman degradation of the intact protein, started with serine and agreed completely with the sequence deduced from the nucleotide sequence.
The peptides obtained from acetic acid cleavage were isolated by reverse-phase HPLC. Eleven peak fractions Fig. 4 ). The profiles of the carboxy-terminal ends of colicins A and B were very similar (Fig. 3) (Fig. 4, underlined ). There were also -35 and -10 promoter regions (see Fig. 4 A surprisingly high degree of homology existed between the nucleotide sequences upstream of the structural genes of colicins B and El (Fig. 4) . The sequences comprising 294 nucleotides upstream of the translation initiation codon contained only 43 single-nucleotide differences, as shown below the colicin B upstream region (Fig. 4) . Insertions of more than one nucleotide, for example 46 nucleotides, are presented in the nonhomologous 5' region to emphasize the strong homology of the sequences immediately adjacent to the structural genes. nucleotides on pColEl which had no homologous counterpart on pColB.
Adjacent to the TAA translation termination codon was a region which could form a stable stem-and-loop RNA structure (Fig. 2) . This structure, together with the following T-rich sequence, indicates a rho-independent transcription termination site (36) .
DISCUSSION
The amino acid sequence of colicin B deduced from the nucleotide sequence was supported by the sequence of the 44 amino acids at the amino-terminal end determined by Edman degradation, the peptide sequences comprising 88 amino acids, the release of the predicted carboxy-terminal lysine residue by carboxypeptidase B treatment, and the amino acid composition.
The calculated molecular weight of colicin B is 54,742. Molecular weights of 61,000 and 58,000 (33) were determined by gel chromatography and sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis, which presumably indicates a deviation from the mostly globular shape of the standard proteins used for calibration of the column and perhaps an anomalous binding of SDS. A rod-shaped structure was proposed for colicins El, Ia, Tb, and K (22) .
Comparison of the amino acid sequences of colicins A (28) and B (Fig. 6 ) revealed striking honmology, beginning at residue 295 of colicin B with the identical sequence Gln-ArgGln. From this site to the carboxy-terminal end, 57% of the amino acids were identical in both colicins, and an additional 19% were homologous at identical positions. Alignment of the sequences did not require the introduction of sequence gaps to maximize homology. Moreover, the segment of uncharged amino acids between residues 448 and 496 of colicin B was exactly the same length (49 residues) as the equivalent region in colicin A. It has been shown for colicin A that this region contains an a-helical segment and is essential for channel formation in membranes (32) . It is reasonable to assume that this domain of colicin B has a similar conformation and is responsible for the channel formation which has been shown previously (33) . The equivalent domains of colicins El (45) , Ia (27) , and lb (27, 41) contained 35 amino acid residues, and their sequences were rather different, even those of colicins Ia and lb.
When the sequence of colicin B was aligned with the sequences of colicins A, El, Ia, and lb in the way Varley and Boulnois (41) described for colicins A, El, and Ib, beginning at residue 293 of colicin B, there were 24 invariant amino acids, among which lysine was the most frequent (Fig. 6 ). These residues, especially the invariant tryptophan residue (number 439 in colicin B), are presumably of particular functional importance.
In contrast to the highly homologous carboxy-terminal portion comprising 42% of the entire sequence, the aminoterminal portions of both colicins exhibited no homology beyond random fit. This result was not unexpected, because it has been shown for all colicins studied to date that the central domain is important for binding to the outer membrane receptor proteins and the amino-terminal portion is involved in the uptake of colicins (7, (11) (12) (13) 29) . These processes are different for colicins A and B. Colicin A requires a complex receptor structure, consisting of the vitamin B12 receptor BtuB, the OmpF porin, and lipopolysaccharide (8, 9) . Colicin B binds to the ferric enterochelin receptor FepA (18) . The nonhomologous domains determine the structurally different uptake specificities.
The uptake of colicin B requires, in addition to the outer membrane receptor protein FepA, cellular energy for vectorial translocation across the outer membrane and the TonB function. It was originally proposed (17) that the TonB protein may couple the energized state of the cytoplasmic membrane to the TonB-dependent outer membrane receptor proteins and thus regulate their activity. A consensus sequence was found in the TonB-dependent outer membrane receptor proteins close to the amino-terminal end. A Leu Pro amino acid exchange in the consensus sequence does not affect binding of vitamin B12 to the BtuB receptor protein but does block further uptake (20) . As shown in Fig.  5 , colicin B contained the same consensus sequence, consisting of an acidic amino acid, Asp, followed by Thr, two uncharged amino acids, Met and Val, and the invariant Val residue. Colicin M (13) and colicins Ia and lb also contain the same homology region and are similarly taken up by a TonB-dependent process. Since TonB is the only common transport component known for this group of colicins, we propose that after initial binding to the receptor proteins, colicins B, M, and I interact with TonB in order to be translocated to the cytoplasmic membrane (5) .
Colicins A, El, E2, and E3, which are taken up by TonB-independent mechanisms, do not contain the consensus pentapeptide. Also, in cloacin DF13 the pentapeptide cannot be found, although it was listed in a table as a TonB-dependent colicin (34) . To resolve this discrepancy, recA derivatives of E. coli AB2847 and of the tonB mutant BR158 (19) were transformed with the plasmid pEN7, which contains the structural gene for the cloacin receptor protein (16) . Transformants of both strains were equally sensitive to VOL. 169, 1987 on July 6, 2017 by guest http://jb.asm.org/ Downloaded from isolated cloacin DF13, which could be diluted 104-fold to yield a clear zone of growth inhibition. This result shows that cloacin lacking the pentapeptide consensus sequence is taken up by a TonB-independent mechanism.
The very pronounced homology of the nucleotide sequences upstream of the structural genes of colicins B and El extended over 294 nucleotides. This region contained the generally conserved Shine-Dalgarno sequence, -10 and -35 promoter sites, the SOS box, and potential binding sites for the cyclic AMP receptor protein, which together, however, comprise only about 50 nucleotides. The reason for the very extensive homology upstream of the structural genes of colicins B and El is unknown.
With regard to the origin of the strongly homologous carboxy-terminal sequences of colicins A and B, Fig. 6 reveals two segments of identical length in both colicins which were not present in colicins El and I. In colicin B they extended from amino acid 301 to 311 and 469 to 474. Their unique presence in colicins A and B supports the idea of a common origin of the carboxy-terminal domain. The peptide insertions were not homologous, indicating fewer constraints for structural variations than are imposed on the channel-forming sequences. Irrespective of the molecular events, the cba region apparently consists of three segments: (i) the ColEl-like upstream region, (ii) the colicin B-specific amino-terminal and central region, and (iii) the colicin A-like carboxy-terminal region.
